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Microscopic investigation of the weakly-correlated noncentrosymmetric superconductor SrAuSi3
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SrAuSi3 is a noncentrosymmetric superconductor (NCS) with Tc = 1.54K, which to date has been studied
only via macroscopic techniques. By combining nuclear magnetic resonance (NMR) and muon-spin rotation
(µSR) measurements we investigate both the normal and the superconducting phase of SrAuSi3 at a local
level. In the normal phase, our data indicate a standard metallic behavior with weak electron correlations
and a Korringa constant Sexp = 1.31×10
−5 sK. The latter, twice the theoretical value, can be justified by the
Moriya theory of exchange enhancement. In the superconducting phase, the material exhibits conventional
BCS-type superconductivity with a weak-coupling s-wave pairing, a gap value ∆(0) = 0.213(2)meV, and
a magnetic penetration depth λ(0) = 398(2) nm. The experimental proof of weak correlations in SrAuSi3
implies that correlation effects can be decoupled from those of antisymmetric spin-orbit coupling (ASOC),
thus enabling accurate band-structure calculations in the weakly-correlated NCSs.
PACS numbers: 76.60.Cq, 76.60.-k , 74.25.-q, 74.25.nj, 76.75.+i
I. INTRODUCTION
The absence of inversion symmetry in the crystal lattice
of certain materials introduces an antisymmetric spin-orbit
coupling (ASOC) in the conduction-electron ensemble. In
case of superconductivity, this may result in mixed-parity
phases,1 which have increasingly attracted the attention
of the scientific community, especially after the discovery
of the first strongly-correlated NCS CePt3Si.
2 With a TN =
2.2 K and a Tc = 0.75 K, it was argued that in CePt3Si the
magnetic fluctuations induce a non-standard pairing mech-
anism.
Since CePt3Si, several new compounds belonging to dif-
ferent NCS classes have been discovered.1 In particular,
analogous ternary compounds with weak or negligible elec-
tronic correlations have been found to exhibit conventional
or mixed-pairing superconductivity (SC) and are actively
under investigation.3 The study of NCSs with only weak
electronic correlations is key to understanding the super-
conductivity in noncentrosymmetric compounds. Indeed,
weak correlations make it possible to disentangle the ASOC,
which reflects the lack of inversion symmetry, from the role
of correlations. Accurate band-structure calculations, fo-
cused exclusively on the ASOC-splitting of electronic bands,
are therefore within reach.
SrAuSi3, recently synthesized in the form of polycrystals
by means of high-pressure techniques,4 crystallizes in the
BaNiSn3-type NCS structure (tetragonal with space group
I4mm, SG no. 107). The first magnetization and trans-
port measurements determined the onset of superconduc-
tivity at Tc= 1.54 K and an upper critical field µ0Hc2(0) of
0.18 T. Subsequently, two theoretical first-principles calcu-
lations on SrAuSi3 revealed lattice constants and an elec-
tronic structure which are only in partial agreement with
the experimental data.5,6 Further measurements of the spe-
cific heat and band calculations7 suggested a nodeless gap,
supporting the hypothesis that SrAuSi3 is an s-wave BCS-
type superconductor. Additional theoretical calculations8
claimed an electron-phonon coupling parameter λ = 0.47
and attributed the pairing mainly to the p electrons of Si.
SrAuSi3 may be compared with BaPtSi3, an isostructural
compound with very similar lattice parameters, Debye tem-
perature, and electron-phonon coupling. Ref. 9 reports that
BaPtSi3 is a standard weak-coupling conventional supercon-
ductor with 2∆/kBTc = 3.5.
Below we report the first microscopic study of SrAuSi3 by
employing nuclear magnetic resonance (NMR) and muon-
spin rotation (µSR) measurements. We probed both its nor-
mal and superconducting phase and show that SrAuSi3 is a
weakly-correlated metal turning into a conventional super-
conductor.
Sec. II offers an overview of the employed experimental
techniques, including the relevant settings and conditions.
In Sec. III A the electronic correlations in the normal phase
are studied via NMR experiments, whereas in Sec. III B the
SC phase is investigated by µSR and the respective main
SC parameters are evaluated quantitatively. Finally, Sec. IV
offers conclusions and a general discussion regarding open
questions about the class of weakly-correlated NCSs, with
particular reference to SrAuSi3.
II. EXPERIMENTAL DETAILS
Samples of SrAuSi3 were prepared using the solid-state
reaction method under 6GPa at 1000–1200◦C.4,7 Prelimi-
nary X-ray diffraction (XRD) measurements were used to
verify the sample’s crystal structure (see Fig. 1). No spuri-
ous phases above a 0.1% limit could be detected and the
already known tetragonal I4mm structure was confirmed.4
The NMR investigations included line-shape and spin-
lattice relaxation (T1) measurements in an applied mag-
netic field of 7.0571 T. The most suitable nucleus for our
study was 29Si (spin I = 1/2, natural abundance 4.7%, and
a Larmor frequency of 59.685MHz). The 29Si NMR spec-
tra were obtained via the fast Fourier transformation (FFT)
of the spin-echo signals generated by pi/2–pi rf pulses of
11 and 22-µs duration, respectively, with a 50-µs spacing.
The recycle delays ranged from 0.2 s at room temperature
up to 10 s at 2K To improve the quality of the spectra, fre-
quency sweeps with 20-kHz steps were used. The nuclear
spin-lattice relaxation times T1 were measured at both peak
frequencies, corresponding to two inequivalent Si-sites, by
using the inversion-recovery method with spin-echo detec-
tion at variable delays. Due to the intermediate sensitivity
of 29Si nuclear spins, several scans had to be accumulated
(from 200 at 2 K up to 1× 104 at 290K).
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Fig. 1. XRD pattern of the polycrystalline sample. Data were ac-
quired using the Kα line of Cu (40 kV, 15 mA) and fitted by follow-
ing a standard Rietveld-refinement procedure.
0 0 100 1 0 200 2 0
1.6
1.
1.4
1.
1.2
e erature ( )
χ
 
(10

 
4
 







)
µ0    
0 2 4 6
1
10
0
 10 4
ie d ( )

a
gn
. 
e
nt
 (e
u)
 
 
 
100 
00 
Fig. 2. Magnetometry χm(T ) data measured at µ0H = 5T in the
normal phase (down to 4K). The inset shows the magnetization
M(H) curves at three selected temperatures (5, 100, and 300K).
The local-field distribution within the material was moni-
tored with the very sensitive µSR technique. The transverse-
field (TF) µSR technique is often used to measure the
value and the temperature dependence of the magnetic-
penetration depth λ in the vortex state of type-II supercon-
ductors.10 λ−2(T ) is proportional to the density of supercon-
ducting carriers ns, hence it provides information on the
character of the gap in the electronic excitation spectrum
below Tc . The TF-µSR experiments were carried out at the
low-temperature (LTF) instrument of the piM3 beam line at
the Paul Scherrer Institute (Villigen, Switzerland). To avoid
flux-pinning effects, the sample was cooled to the base tem-
perature in an applied magnetic field of 20mT. The data
were collected between 0.02 and 1.8 K while warming the
sample in a steady field. Typically ∼ 12× 106 muon-decay
events were collected for each spectrum. The TF-µSR data
were analyzed by means of the software package MUSR-
FIT.11
Given the low Tc = 1.54 K and the modest upper criti-
cal field of 0.18 T, an NMR study of SrAuSi3 in the super-
conducting phase is quite challenging. The required spin-
polarizing field suppresses superconductivity in fields ex-
ceeding Hc2(0). If the chosen applied field were substan-
tially weaker, the 29Si Larmor frequency would have been
very low, resulting in an extremely poor S/N ratio. On the
other hand, due to the intrinsic spin-polarization of muon
beams, TF-µSR can be successfully used in the SC phase
even at small applied fields (ca. 20mT), yet it is much less
sensitive in the normal phase. In view of these considera-
tions, we chose NMR to probe the normal phase and µSR
for the SC-phase of SrAuSi3.
III. RESULTS AND DISCUSSION
A. Normal-phase nuclear magnetic resonance investigations
For a preliminary characterization of the electronic and
magnetic properties of the normal phase, we measured the
sample’s magnetization M(T,H) with a commercial MPMS
(magnetic property measurement system) XL setup. With
a typical χdia of −1.6 × 10
−4 cm3/mol (see Fig. 2), the
χm(T ) = M(T )/H data of SrAuSi3 mimic those of SrPt3P,
12
a centrosymmetric superconductor and of the diamagnetic
Au (−1.2 × 10−4 cm3/mol).13 The inset of Fig. 2 confirms
that the bulk of the sample is predominantly diamagnetic.
The small positive response at low fields suggests the pres-
ence of a small amount (< 0.1%) of impurities, reflected
also in the low-field hysteretic cycle (not shown).
From the published structure-data file,4 Si occupies two
inequivalent lattice sites: Si-I (two atoms per unit cell, i.e.,
one internal and four at the edges) and Si-II (four atoms
per unit cell, i.e., eight atoms on the faces). From the 2:4
multiplicity ratio, we expect two resonance lines, related
to the Si-I and Si-II nuclei, with an ideal ratio of 2 for the
peak areas. The observed spectra were fitted by assuming
a simple model (see Eq. 1), consisting of the sum of two
Gaussian peaks, as illustrated in Fig. 3 for T = 100K:
I( f ) = a1 · exp

−
( f − f1)
2
2σ2
1

+ a2 · exp

−
( f − f2)
2
2σ2
2

, (1)
where ai (i = 1,2) are the normalization factors, fi the peak
maxima, and wi their full widths at half maximum (FWHM),
with wi = 2(2 ln 2)
1/2σi ≃ 2.35σi .
As the temperature is lowered from 300 to 5 K, the shift of
the Si-I NMR line varies from 0.1 to 0.105%, whereas that
of the Si-II lines varies from 0.14 to 0.142% (see Fig. 4).
These shift values are similar to those reported in literature
for typical metals such as Na.14 Indeed, a non-varying value
in the normal phase is commonly observed in simple metals
whose electronic susceptibility χP varies only weakly with
temperature.12 In both cases, a tiny gradual enhancement
of the line shift is observed below 100 K, probably due to a
small change in the electronic environment (see Fig. 4).
As shown in Fig. 5, both NMR lines broaden upon lower-
ing the temperature, with FWHM values changing smoothly
from about 6 to 8 kHz for Si-I and from 7 to 9 kHz for Si-II
sites. From the fits we estimate a ratio of peak areas of
1.8± 0.2, to be compared with the expected value of 2, as
explained above. The small discrepancy is most likely due
to a T1-induced signal-intensity modulation, reflecting the
different relaxation rates of nuclei at the Si-I and Si-II sites,
whose T1 values differ by a factor of 2 at room temperature.
In the normal phase we find a linear variation of 1/T1(T ),
i.e., a Korringa behavior typical of simple metals (see Fig. 6).
The average T1T value is 6.49 sK which, by considering the
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Fig. 3. 29Si line-shapes measured at 7.06T. The spectra were fitted
by a two-Gaussian model, as shown for T = 100K. The dashed
black line corresponds to the reference Larmor frequency of 29Si,
whereas the solid blue lines correspond to the frequencies of the
two peaks at room temperature (RT).
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Fig. 4. Shifts of the two 29Si NMR lines vs. temperature.
measured 0.14% Knight shift, implies an experimental Ko-
rringa constant Sexp ≡ T1T K
2 = 1.31 × 10−5 sK, twice the
theoretical value S0 = ħh(γe/γSi)
2/(4pikB) = 6.66× 10
−6 sK.
From the relative Korringa ratio K ≡ S0/Sexp = 0.508, one
can evaluate the enhancement of the static and dynamic
spin susceptibilities, driven by the q-independent electron-
electron interaction potential15 ζ = ħh2γe
2α/2piχs0, where
γe is the gyromagnetic ratio of the electron, χs0 the spin
susceptibility, and α is a parameter that is uniquely defined
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Fig. 5. FWHM vs. T plots of both 29Si NMR lines indicate a gradual
broadening as the temperature is lowered.
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Fig. 6. 1/T1 vs. T for the
29Si NMR of Si-II site.
by the value of K via:14,16
K (α) = 2(1−α)2
∫ 1
0
x/[1−αG(x)]2dx . (2)
The quantity G(x) in Eq. (2) is the Lindhard function for
free electrons, i.e., G(x) = 12{1 + [(1 − x
2)/2x] ln(|1 +
x |/|1− x |)}, with the normalized momentum x = q/(2kF),
where kF is the Fermi momentum under the assumption
of a spherical Fermi surface. An analytical evaluation of
the ζ parameter is not possible, since the value of the spin
susceptibility χs0, i.e. the Pauli susceptibility, generally
cannot be estimated from the measured magnetic suscep-
tibility χm = M(T,H)/H, which contains also additional
contributions due to, e.g., the core electrons and the elec-
tronic correlations. Nevertheless, the experimentally deter-
mined K (α) suggests the presence of ferromagnetic corre-
lations in SrAuSi3 which, however, are incompatible with
the rather weak Knight shift. From the experimental K (α)
value, one can solve Eq. (2) via numerical integration and
obtain α = 0.34(3). Such an α value indicates weak but
not negligible electron-electron interactions, in line with
theMoriya theory of exchange enhancement.17 Indeed, sim-
ilar α and K (α) values are found in many alkali metals,
as well as in Cu and Ag, all well-known realizations of the
nearly-free electron model.14,16
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Fig. 7. (a) and (b) show the TF-µSR time spectra of SrAuSi3, col-
lected at 1.6 and 0.02 K (above and below Tc) in an applied field
of 20 mT. The solid lines are least-square fits to the asymmetry
spectra according to Eq. (3).
B. Muon-spin rotation in the superconducting phase
TF-µSRmeasurements were carried out to investigate the
superconducting properties of SrAuSi3. Figure 7(a) and (b)
show the TF-µSR time spectra, collected at 1.6 and 0.02 K
in a magnetic field of 20 mT. While the µSR time spectrum
obtained at 1.6 K in the normal state show almost no relax-
ation, data collected at 0.02 K in the superconducting state
reveal pronounced damping in the µSR time spectra due to
the inhomogeneous field distribution generated by the for-
mation of a vortex lattice. The TF-µSR time spectra were
analyzed using the oscillatory Gaussian decay function:10
ATF(t) = A(0)exp
 
−σ2 t2

2) cos
 
γµBint t +φ

+ Abg(0) cos
 
γµBbg t +φ

, (3)
where the fit parameters A(0) and Abg(0) are the ini-
tial asymmetries of the sample and background signals,
γµ/2pi = 13.55 kHz/G is the muon gyromagnetic ratio,
10
Bint and Bbg are the internal and background magnetic
fields, φ is the initial phase of the muon precession signal,
and σ is the Gaussian muon-spin relaxation rate. The last
term in Eq. (3) represents the background signal that origi-
nates mostly from muons hitting the silver sample holder
and is considered as non-relaxing within the muon time
window.10 The signal to background ratio, Abg(0)/A(0) =
0.21.
Figure 8(a) shows the temperature dependence of σ of
SrAuSi3 for an applied field of 20mT, exhibiting a pro-
nounced increase just below T = Tc. Figure 8(b) shows
the temperature dependence of the internal magnetic field
at the muon site, revealing the expected diamagnetic shift
and confirming the bulk-type superconductivity in this ma-
terial. The superconducting contribution σsc can be ob-
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Fig. 8. (a) Temperature dependence of the muon depolarization
rate σ of SrAuSi3 in an applied magnetic field of 20 mT. (b) Dia-
magnetic shift of the internal field experienced by the muons just
below Tc.
tained by quadratically subtracting the nuclear moment con-
tribution σnm (measured above Tc) from the total σ, as
σsc
2 = σ2 − σnm
2. Since we do not expect any structural
transition in SrAuSi3 over the temperature range of the TF-
µSR study, σnm is assumed to be temperature independent.
In an isotropic type-II superconductor with a hexagonal
Abrikosov vortex lattice, the magnetic penetration depth λ
is related to σsc by the Brandt equation:
18
σsc[µs
−1](T ) = 4.854× 104

1−
H
Hc2(T )


1+ 1.21

1−
√√ H
Hc2(T )
3
λ−2[nm−2], (4)
where H and Hc2(T ) are the applied and upper critical fields,
respectively.
Figure 9 shows λ−2(T ) of SrAuSi3, calculated using
Eq. (4). The temperature dependence of Hc2(T ) was taken
from Ref. 4. λ−2 is proportional to the effective superfluid
density, ρs. Therefore, λ
−2(T ) provides information about
the magnitude of the superconducting gap and the symme-
try of the gap structure. Figure 9 reveals that ρs of SrAuSi3
is nearly constant below Tc/3≈ 0.5 K, suggesting a nodeless
superconducting gap in this material. A good fit to λ−2(T )
can be achieved with a single-gap BCS s-wave model19,20
(solid line in Fig. 9) using the functional form:
λ−2(T )
λ−2(0)
= 1+ 2
∫ ∞
∆(T )

∂ f
∂ E

EdEp
E2 −∆(T )2
. (5)
Here λ−2(0) is the zero-temperature value of the mag-
netic penetration depth and f = [1 + exp(E/kBT )]
−1 de-
notes the Fermi function. The BCS temperature depen-
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Fig. 9. The temperature dependence of λ−2(T ). The solid line is a
fit to the λ−2(T ) with the weak-coupling BCS s-wave model.
dence of the superconducting gap function is approximated
by21
∆(T ) =∆(0) tanh

1.82

1.018

Tc
T
− 1
0.51
, (6)
where ∆(0) is the gap magnitude at zero temperature. The
fit yields Tc = 1.49(1) K, λ(0) = 398(2) nm, and ∆(0) =
0.213(2) meV. The ratio ∆(0)/kBTc = 1.65(3), which is
lower than the BCS value of 1.76, confirms that SrAuSi3
is a weak-coupling superconductor.
IV. CONCLUSIONS
A combined study of the normal and superconducting
phase of SrAuSi3 was performed through NMR and µSR in
TF mode measurements, respectively. In the normal phase
this compound exhibits a Korringa behavior with enhanced
electron-exchange behavior, in line with the Moriya theory
mentioned above. The temperature dependence of the Lon-
don penetration depth λ was evaluated from the TF-µSR
time spectra. λ(T ) can be modelled well by assuming a
single-gap BCS s-wave scenario with ∆(0) = 0.213(2) meV
which suggests that SrAuSi3 is a nodeless superconductor.
The gap-to-Tc ratio provides evidence for weak-coupling
superconductivity in SrAuSi3. The magnetic penetration
depth was estimated as λ(0) = 398(2) nm.
Single-band fully-gapped BCS superconductivity and
weak electronic correlation confirm the small splitting of
the bands in the vicinity of the Fermi level EF, visible only
in proximity of the Brillouin zone edges.8 This hints at a
small ASOC that, along with weak correlations, may hin-
der the singlet-triplet mixing. Although a mixed-parity pair-
ing is predicted to be a general feature of NCSs with ASOC,
many weakly correlated compounds exhibit a rather simple
behavior,3 as reported here for the SrAuSi3 case. This gen-
eral trend can be explained by considering that the triplet
component is very weak, therefore, two gaps of very sim-
ilar magnitude will be dominated by spin-singlet pairing,
i.e., a mechanism indistinguishable from ordinary s-wave
superconductors. When looking for new systems exhibiting
singlet-triplet mixing, a simple comparison of the relative
energies of ASOC and SC condensate, is often not sufficient,
since also pairing interactions in both the singlet and triplet
channels are required for the occurrence of parity mixing.
This is evidenced by the fact that weakly correlated NCSs do
not exhibit mixing, whereas their strongly correlated coun-
terparts (including Ce- and other heavy-electron based sys-
tems) may do so.3
In perspective, further experimental and theoretical work
is required in order to confirm the occurrence of mixed
singlet-triplet pairing, since the role of ASOC and that of the
strength of electronic correlations still remains poorly un-
derstood. Furthermore, due to their non-trivial band struc-
ture, topological SC states are expected in several NCSs. In-
vestigations by local probes, as the ones reported here, re-
main crucial to support or rule out new hypotheses aiming
to explain the intriguing properties of noncentrosymmetric
superconductors.
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